Invasive species can have significant direct and indirect impacts on native biota. Here, we conducted a survey of two invasive freshwater snail species (Melanoides tuberculata and Tarebia granifera) in Tobago and assessed the effects on shell use by native marine hermit crab populations (Clibanarius tricolor and C. vittatus). Abundant in freshwater, numbers of empty shells at the mouth of a river in Charlotteville (Northeast Tobago) increased from 75 to 800 m -2 after heavy rains in the wet-season of June 2012. Subsequent sampling of a nearby rocky shore revealed that the freshwater shells were occupied by 70.2% of hermit crabs. Mimicking a flood event, the experimental planting of marked alien freshwater shells showed that 20.3% of hermit crabs exchanged their marine shell for a freshwater shell. Similarly, a laboratory shell-choice experiment showed that C. tricolor hermit crabs changed shells repeatedly, and that 22.2% occupied a freshwater shell rather than a marine shell. Overall, due to the numeric abundance of freshwater shells and the compulsive shell changing behaviour of Clibanarius spp., the ongoing invasion of freshwater gastropods in the Caribbean may change the shell use patterns and population dynamics of the native hermit crabs.
Introduction
Invasive species can have dramatic impacts on native biota and ecosystem functioning (White et al. 2006) . Typically these effects are negative due to their ability to competitively exclude native biota, for example via the introduction of novel diseases (Strauss et al. 2012) . Less common is the notion that introduced species could also offer a resource to the receiving community. For instance, the introduction of rabbits in Australia provided prey items for the native wedge-tailed eagles Aquila audax (Latham, 1802) (Sharp et al. 2002) . On an ecosystem scale, the introduction of the Asian hornsnail [Batillaria attramentaria (Sowerby I, 1855) ] on the mudflats of Northeast Pacific has been reported to positively impact communities as the empty shells were used by two native hermit crab species (Pagurus spp.) and the shells provided a hard substrate for epibiont species (Wonham et al. 2005) . Suitable shells afford hermit crabs protection from predators and can also lead to increased reproductive success (Hazlett 1981) . Shells cannot be obtained from living gastropods and empty shells are typically acquired through intra-and interspecific fighting between crabs (Fotheringham 1976) . The arrival of empty shells can initiate a series of hermit crab shell moves in a phenomenon known as a 'vacancy chain' (Briffa and Austin 2009) . If the novel resource is both plentiful and perceived to be valuable, this could significantly alter the shell use, reduce shell-crowding, and alter hermit crab fitness (e.g. Lewis and Rotjan 2009) . This is particularly true for hermit crabs inhabiting unsuitable shells (damaged or small sized), which are more prone to predation (e.g. Robbins and Bell 2004) .
The Caribbean has been invaded by several non-native freshwater snail species, including Melanoides tuberculata (Müller, 1774) and Tarebia granifera (Lamarck, 1822) . Both snails are deposit feeders that prefer to feed on algae and diatoms. Originally from East Africa and Asia, respectively, both species were introduced accidentally into the Caribbean in the 1940s due to the aquarium trade (Pointier and Giboda 1999) . In the 1960s, they were introduced intentionally in many Caribbean countries as competitors of Biomphalaria snails, vectors for schistosomiasis disease (Pointier and Giboda 1999). However, M. tuberculata and T. granifera were subsequently found to have introduced parasites and new diseases into the habitats they colonized (Pointier and Giboda 1999; TolleyJordan and Owen 2008) . The first report of M. tuberculata in Trinidad dates from late 1970's (Bacon et al. 1979 ), but the snail was not found in Tobago until 1996 (Bass 2003) . The exact timing of the introduction of T. granifera in Trinidad is unknown, but it is thought to have occurred about 20-30 years ago (Snider 2001) and this species has not been previously documented in Tobago. Both species are likely to benefit from predator release in their invasive range (Keane and Crawley 2002) , which, in combination with their reproductive biology (i.e. parthenogenesis and short generation time), could explain their rapid population expansions.
Although M. tuberculata and T. granifera are restricted to freshwater, they are prone to being washed downstream during heavy downpours. Since these gastropods cannot tolerate prolonged exposure to salinities above 25 psu (Bolaji et al. 2011) , their mortality results in an influx of empty shells to the marine environment. Once in the sea, however, their empty shells could be a valuable resource for hermit crabs such as Clibanarius tricolor (Gibbes, 1850) and C. vittatus (Bosc, 1802) . Clibanarius is a genus of omnivorous hermit crabs in the family Diogenidae which mostly prey on small animals and scavenge carrion (McLaughlin and Türkay 2012) . Although this genus contains the only hermit crab species known to spend its life in freshwater, the two focal species of this study, Clibanarius tricolor and C. vittatus are restricted to the marine environment. Both species appear to be shell-limited (Fotheringham 1976) , and their behaviour centres on the acquisition of new shells, as is evidenced from the daily movement of C. tricolor (see Hazlett 1981) , and the attraction of C. vittatus to areas where gastropods are preyed upon (Rittschof et al. 1990) .
In the present work, we analysed the distribution and extent of the invasion of M. tuberculata and T. granifera in Tobago and focused on the effect of this early-stage invasion on the shell use of two native hermit crab species (C. tricolor and C. vittatus). The natural inflow of empty freshwater shells was monitored and manipulation experiments were performed to assess their impact on the shell utilization patterns of intertidal populations of the two hermit crabs on the rocky shore of Charlotteville (Northeast Tobago).
Methods

Survey of invasive snail distributions across Tobago
To assess the distribution of T. granifera and M. tuberculata in Tobago, 39 catchments and major rivers around the island were surveyed during June 2012 (Figure 1 ). At each of these sites, densities were estimated by counting the number of snails in four randomly assigned quadrats (0.5 m  0.5 m). Snail species density was expressed as mean (± SE) per m 2 .
Assessment of the effects of freshwater invasive species on the shell occupation by hermit crabs
Estimates of snail and hermit crab densities Hermit crabs were observed inhabiting freshwater snail shells for the first time along Charlotteville rocky shore in Tobago (19°19.541'N, 60°32.946'W) in June 2012. To determine the effects of freshwater snail shell influx to the shore, the densities of T. granifera and M. tuberculata were recorded before and after a downpour event (9 th and 17 th June 2012, respectively) using quadrats at 121, 133 and 143 m from the river mouth. Within each quadrat, all snail shells were counted, including those underneath rocks. The species of snail of each shell was recorded, along with whether or not it was occupied by a snail or hermit crab (Clibanarius tricolor, C. vittatus) . Calcinus tibicen were also present but these hermit crabs were rare, and the adult of this species is generally too large to occupy the freshwater shells. Wild mark-recapture experiment A total of 999 empty freshwater snail shells of T. granifera were marked with nail polish. Marked shells were placed at three sites where empty T. granifera shells were not present, at low tide on 18 June 2012 (333 shells per site; each site marked with a different colour) and recaptured 24h later. The number of re-captured marked shells was tallied within a 2.25 m 2 area (nine 0.5 m  0.5 m quadrats) around the release point and shells and hermit crabs were recorded as above.
Individual shell choice experiment
Shell choice of the hermit crab C. tricolor was analysed experimentally on 12-13 June 2012. C. tricolor (n=40) occupying the marine snail shell, Supplanaxis nucleus, were collected from the rocky shore at Charlotteville. To induce a shell change, the hermit crab shell was damaged by removing 2 mm around the circumference of the operculum and 1 mm of the shell apex. To provide empty shells for the choice experiment, 40 S. nucleus were removed from their shells by boiling in water and removing the body with forceps, and a further 40 empty T. granifera shells were collected from Charlotteville River. Each hermit crab was size matched with an empty S. nucleus and T. granifera shell within ±2.0 and ±6.0 mm length and ±2.5 and ±3.0 mm operculum diameter, respectively, and placed individually within a plastic pot (4.5 cm dia.) with sand substrate. Every hour for 10 h the shell occupied by each C. tricolor individual was recorded (i.e. original damaged (S. nucleus), freshwater (T. granifera) or marine (S. nucleus) shells).
Statistical analyses
The population density of invasive snails was compared to that of native gastropods using a Mann-Whitney test, and the variance in density between populations of invasive and native snails was analysed with a Levene's test. Shell occupancy was analysed using Chi-square tests and binomial mass function. Changes in the steepness of the cline of the proportion of hermit crabs in freshwater shells relative to the distance to the river mouth was analysed using a Binary logistic regression. Mann-Whitney tests were used to analyse the increase in density of freshwater shells after the rains. All tests were performed in Minitab 12.1.
Results
The survey of 39 riverine sites around Tobago (Figure 1 ) revealed the presence of one or both invasive snail species at 29 (74.4 %) sites (Tarebia granifera: n=22; Melanoides tuberculata n = 2; both species: n=5). Where present, the mean ± SE abundance of the invasive species, 59.9 ± 16.6 individuals m -2 , was significantly higher than that of all native freshwater gastropods combined (9.87 ± 5.09 individuals m -2 ), (Mann-Whitney test: W=190.5, P = 0.004). Across colonised sites, the variance in density of the invasive gastropods was significantly higher than that of their native counterparts (Levene's Test: t =12.106, P = 0.002). These data suggest that the invasive snails can reach a much higher carrying capacity than the native gastropods.
Both invasive species were observed in Charlotteville in an unnamed river circa 100 m from the rocky shore occupied by intertidal hermit crabs. The mean ± SE number of empty freshwater snail shells in the river mouth was found to increase more than ten-fold after a period of heavy rain, i.e., from 75 ± 19.4 m -2 to 800 ± 219 m 2 (Mann-Whitney test: W = 15.0, P = 0.012) (Figure 2 ). In both sampling periods, the majority of the empty snail shells (~97 %) were T. granifera with just a small number of M. tuberculata shells. Many shells appeared to be washed into the sea, and the resulting inflow of shells onto the rocky shore caused a significant change in the proportion of Clibanarius tricolor and C. vittatus hermit crabs occupying freshwater snail shells. Before the rains, 19.4 % (19 out of 98) of hermit crabs occupied a freshwater shell compared to 70.2 % (1068 out of 1522) after the rains (χ 2 = 107.557, d.f. = 1, P < 0.001) (Figure 2 ). The number of empty marine shells before the rains (1 out of 99) also increased significantly to 57 out of 783 (7.2 %) after the rains (binomial test: P = 0.005), which suggests that the availability of a large number of freshwater shells resulted in hermit crabs exchanging their marine shell for a freshwater one.
The proportion of hermit crabs occupying freshwater shells declined steeply (30 % per meter) with distance from the river mouth (Binary logistic regression: mean (5-95 %CI) Odds Ratio = 0.70 (0.65-0.76), Z = -8.92, P < 0.0001) (Figure 3) . As a consequence, the relative ratio of shell types occupied by hermit crabs changed markedly across the transect (Figure 4) . 
Figure 3
The proportion of hermit crabs (mean ± SE) in freshwater shells observed on the rocky shore relative to the distance from the river mouth before and after heavy rains. Only quadrats with > 15 hermit crabs are shown. The largest change in shell utilization is observed near the river mouth.
In a mark-release-recapture experiment, there were no unoccupied marine shells before the empty freshwater shells were planted. Twentyfour hours after the release, 62 (18.6 %), 115 (34.5 %) and 91 (27.3 %) of marked shells were recaptured at the three sites, of which the majority were occupied by either a C. tricolor or C. vittatus hermit crab (51 (82.3 %), 49 (42.6 %) and 42 (46.2 %) at the three replicate releasesites). Combining the three release sites, a total of 142 hermit crabs occupied freshwater shells, compared to 558 in marine shells, showing that 20.3 % of all hermit crabs at the three release Figure 4 . Pie charts showing the shell types across two rocky shore transects, one 109-130m distance from the river mouth (left) and the other 131-163m from the river mouth (right) after rains. Here, Tegula fasciata and T. excavata are most often exchanged, while Supplanaxis nucleus are less often exchanged for a freshwater shell, which is consistent with the proportion of unoccupied shells found after the release experiment (see Table  1 ).
sites had exchanged their marine shell for a (marked) freshwater shell. Based on the ratio of empty versus occupied shells after experimental release, some types of marine shells were significantly more likely to be exchanged for a freshwater shell than others (χ 2 = 62.058, d.f.= 4, P < 0.001) (see Table 1 ). For example, the shells of Tegula excavata and T. fasciata were significantly more often discarded (28 and 25 %, respectively), while shells of Supplanaxis nucleus were among the shell types being vacated less Figure 5 The number of hermit crabs occupying freshwater shells (Tarebia granifera), their original damaged shells (Supplanaxis nucleus), or a new marine shell (S. nucleus) over a 10h shell-choice experiment. Undamaged marine shells were significantly more preferred than the size-matched freshwater shell or the damaged shell.
often (4 %) (Table 1; Figure 4 ; for shell size data see Appendix 1).
During the shell choice test, 55% of C. tricolor individuals changed shells more than once (mean ± SE number of shell changes = 1.93 ± 0.27) during the 10 h experimental period (overnight). The hermit crabs were most often found in the new native marine shell (60.8 %), while 17.0 % remained in their (experimentally) damaged shell, and 22.2 % moved to the freshwater Tarebia granifera shell ( Figure 5 ).
Discussion
Here, for the first time we record the presence of Tarebia granifera in Tobago and map its distribution and density, along with another invasive freshwater gastropod, Melanoides tuberculata. Both snails are now widespread across the island, although several rivers have yet to be colonized (Figure 1) . The wide range of densities observed suggests that many populations have yet to reach carrying capacity. Of the 10 sites where M. tuberculata has been found previously (Bass 2003) , six were revisited and the presence of M. tuberculata confirmed in three of these locations, while T. granifera alone was found in the remaining three sites. Longterm studies suggest that alone, both species are capable of attaining relatively stable populations over long periods of time in their invasive habitat (Pointier and Giboda 1999) . Where both species occur together, this may not be the case: T. granifera has been shown to displace M. tuberculata from some sites in Martinique (Facon et al. 2005) . The discrepancy between the findings of Bass (2003) and the present study suggests that M. tuberculata may also be displaced by T. granifera in Tobago. Further efforts should be made to continue monitoring this recent invasion as both T. granifera and M. tuberculata have the potential to outcompete native snail species (Pointier and Giboda 1999) , and the interactions between the two invasive species has received little attention.
A field study on the rocky shore of Charlotteville, Tobago showed that the density of shells from these invasive freshwater snails increased more than ten-fold after a period of heavy rain in June 2012. This inflow resulted in a significant change in the proportion of Clibanarius tricolor and C. vittatus hermit crabs occupying freshwater shells, particularly near the river mouth. Experimental release of freshwater shells initiated a similar change in hermit crab shell occupancy, and shell choice experiments in the laboratory showed that although hermit crabs prefer marine shells, a considerable proportion moved into freshwater shells.
Shell preference is known to vary between hermit crab species (Tricarico et al. 2009) , and it has often been related to shell weight, thickness and resistance to wave action (e.g. Arce and Alcaraz 2011). Although our experiment showed that C. tricolor does not generally prefer freshwater over marine shells, the inflow and high availability of freshwater shells significantly altered the shell use in both C. tricolor and C. vittatus populations 24 h after their release. So rather than a preferred shell choice, the high uptake rate of freshwater shells might be a density effect.
Given that empty shells are usually rare, and that inhabited shells are damaged over time or become too small as crabs grow, this compulsive changing of shells may be an adaptive behaviour (e.g. Robbins and Bell 2004) . Judging by the repeated change of shells in the shell-choice experiment in the laboratory, and the large number of empty marine shells on the rocky shore, the inflow of a large number of freshwater shells appears to initiate a 'vacancy chain' wherein the availability of empty shells results in a chain reaction of shell exchanges (Briffa and Austin 2009) .
Previous studies on Clibanarius spp. revealed that shell usage is not directly related to empty shell availability, suggesting that crabs have other selection criteria (Nakim and Somers 2007) . Given the present results, however, it seems that high availability of shells from T. granifera and M. tuberculata does play an important role. Compared to some marine shells, these freshwater shells may also confer other advantages, such as morphometric fit of the shell to the hermit crab (see e.g. Lawal-Are et al. 2010) , and the preference of hermit crabs for lighter shells that facilitate mobility (Argüelles-Ticó et al. 2010) .
Although the relationship between hermit crabs and shell resources is complex (e.g. Robbins and Bell 2004) , in the current invasion scenario the abundance of freshwater shells appears to have a marked effect on the biology of hermit crabs. In a similar scenario, the introduction and establishment of the Asian hornsnail Batillaria attramentaria in a mudflat ecosystem in the Northeast Pacific has had a dramatic effect on that community. These snails provide substrate for eelgrass, other snail species, as well as shells for hermit crabs Pagurus spp. (Wonham et al. 2005) . The ongoing invasion and population expansion of T. granifera and M. tuberculata in Tobago, and probably elsewhere in the Caribbean, has the potential to alter hermit crab population dynamics in the adjacent marine environment. This will have long-term consequences for their population viability and demography (Lewis and Rotjan 2009) and is likely to have communitywide effects (e.g. Wonham et al. 2005 ).
